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p,f HMINf « T^rWT SENSOR «SHF*^T WITH A PIFZORESiynVg LaYER 

Cipj^ nfihe invemion 

The prcseni mvenuon relates lo sensors for measuring pressure and/or swess and more 
pamcularly, to an improved sensor that converts a pressure or stress panem inio an optical 
image- 

ft^yl^grnund of the Invcnrion 

Many devices for ihc measurement of the pressure or s;ress ai a point or averaged over 
an area are luK)\wi to the an. Tlie term "stress" usually refers lo 3 tensor quantity which may . 
vary depending on the orienution of the surface of measurement and depending on the direction 
of the measurement along that surface The term 'pressure- refers to a stress that is independent 
of onemaiion. For the purposes of this discussion, the terms •'siresi ' and "pressure" arc used 
mieichangeably. 

Prior an stress sensing devices t>pically conven mechanical cncrg> into ekcmcal 
energy The clccmcal energy is then convened into a signal which can be processed and 
transmitted to electronic recording devices. One method for constmciing such a stress sensor 
utilizes piezoresisuve maienals. T^ese maienals respond to the applicauon of stress wiih a 
change in iheir elecBical resisiiviiy. The most common types are homogeneous media, such as 
metals and semiconducwis, and composite media. In the homogeneous media, the electronic 
smjcnirc of the maienal is altered in response to the internal strains in ihe medium. This change 
in clccttonic smicniie may result in either an increase or a decrease in resistivity in response xo a 
compressive stress. Typical examples of homogeneous piezoresisiive media include metals 
such as ytiertrium (Yb) and manganin (Cu,.Mn .,Ni„.j and semiconductors such as silicon. 
Composite pieaoresisnve media are composed of panicles of a metallic or semiconducting 
material suspended in a (relatively) compliant insulator, as shown in Figure I . In this case, the 
change in electrical resistivity of the bulk composite is the result of the decreasing separation 
and increasing contact between the conducting pamclcs. as a result, such media al>vays 
become more conductive upon compression. Typical examples of composite piezoresisrive 
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media include "carbon gauges" (such as ihosc from Dynasen Corporaiion. Golcia. Ca) and 
rcsisiive inics and adhesives (such as ihose from Metech, Incorporaied. of Elverson. Pa, or 
Creative Materials Incorporated of Tyngsboro, ^4A) 

5 While these types of devices are adequate for smgle pressure measuremenis. they are 

economically unaciracnve when a high resolution measurement of the distribution of pressure 
over a surface is required. In pnnciple, a sensor system to measure the distribution of 
pressure on a surface can be constructed by placing several such sensors at various locations 
on the surface. If only a rough measure of the variation of pressure on the surface is desired. 

10 this is a feasible approach. Hou/ever, if a precise measurement of the dismbuuon is required, 
this bmte force approach becomes cumbersome because of the large number of individual 
sensors and eiecmcal connections, and hence, there is an upper limit on size of the sensor 
array In addition, the spatial resolution of such an arr^y is limited by the dimension of the 
individual piezorcsjstive sensors, 

15 

One pnor an solution to these problems is to combine many small piezoresisiive 
sensors mio a smglc package using methods typical for the printed circuit and integrated 
circuit mdusines- Such a system is described in U. S Patents No. 4.734,034 (Maness et al . 
l988),4.8S6,993(Manes5e(a^, 1989), and 5,033,291 (Podoloff c// , 1991) In these 

2u systems, the electrical connections between the sensors and the power supply and voltage 

measunng systems are effected by means of lu/o sets of closely spaced meiallic smpes on r\*»o 
substrates, arranged so that one set is at an angle to the other The individual piezoresisiive 
sensors are screen-printed over one or both sets of electrical leads so that an individual sensor 
is formed at each intersection when the two substrates are brought together. The system 

25 taught in U.S, Patent 4.856.993 uses a contact resistance composite piezoresistive of the type 
described by Eventoff in U. S. Patent No. *,3 15^38. The other two employ a volume 
resistiviiy approach- Maness also describes multiplexing, convol circuits, a regulator, an 
interface circuit and a computer to control the sensor. These arc all made necessary by the 
large number of distinct electrical signals which must be kept separate so that the dau can be 

30 properly interpreted. 
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Pressure disiribuiion sensors of ihc type descnbed by Maness are adequate lo pros-.de 
pressure disuibwions wirti a spaiial resoluHon on ihe order of I millimcier. However, ihe 
number of daia poinis becomes very large as (he lotal area w be surveyed increases. 
Typically, arrays thai arc larger than about 50 by 50 are ngi practical Funhermore. large 
5 areas cannot be observed with high spatial resolution because the number of leads to be 
interrogated becomes extreme. 

Another disadvantage of the Maness approach lo measurement of pressure dismbmion 
is the existence of voids internal to the sensor. Tlie sensors taught by Maness require a small 
1 0 void at each sensor. It is necessaiy to provide a large number of minute passages *hich 
permii air to move in or out of these voids as ponions of ihc sensor are compressed. This 
provides an added complicaiion in ihe construction of the sensors. 

Yci another problem with this type of sensor array is the need to provide a compuier 
1 5 or similar device for pressing the dau into a usable form. The computer typically converts 
the individual pressure measurements into some form of graphical display or image so that an 
observer can better absorb the large volume of data inherent m such a pressure distribution 
measurement. This processing circuitry adds lo the cost of the system and makes direct real 
lime obsenations difficult, particularly ai locations that do not easil> support an online 
20 compuier 

Broadly, it is the object of the present invention to provide an improved sensor system 
for measuring pressure distribuiions. 

25 It is a ftinher object of the present invention to provide a pressure sensor system that 

is less expensive than prior an sensor arrays. 

It is a still further object of the present invention to provide a pressure sensor system 
that has higher spaual resolution than pnor art sensor systems. 

30 
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1 1 is a yet ftinhcr object of the present invention to provide a pressure sensing array 
that converts the pressure disiribuuon to an optical image ^^^ho^l the need to pro\ ide a 
computer or ihe like to process individual pressure mcasuremenis. 

5 These and other objects of the present invention ^^^ill become apparent to those skilled 

in the an from the following detailed description of the invention and the accompanying 
drawings. 



-Si^mmafv of the Invcniion 

10 

The present invention comprises a pressure nwisducer ihai convcns a pressure 
dismbuuon directly into a visible image. The transducer may be viewed as compnsmg a rwo 
layered structure sandwiched between first and second electrodes that provide a bias 
poiennal- The intermediate layers compnse a piezoresistivc layer and a lighi emitting layer 
1 5 The piezoresistivc layer includes a material whose resistivity varies as a function of pressure. 
The light cmirong layer is constructed from a material whose light output varies in relation to 
the current passing through ihe layer. 

Brigf D«criBt iffn °^ 'b^ Drawings 

20 

Figure I is a cross-secuonal view of a pressure sensing transducer according lo ihe 
present invention. 

Figure 2 is a cross-sectional view of a second embodiment of a pressure sensing 
25 transducer according lo the present invention. 

Figure 3 is a cross-sectional view of a third embodiment of a pressure sensing 
transducer according to the present invention. 

30 Figure 4 is a cross-sectional view of a composite piczorcsistive layer according to the 

present invenrion. 
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H^t ^^ted DeacriPf lTP nf the Invention 

The present invennon may be most easily understood with reference to Figure 1 
^hich IS 4 cross-seciional v.ew. of a pressure sensmg sheet 1 0 according lo the present 

5 .nvemior,. Sheet 1 0 may be viewed as compns.ng a p.ezorcs.st.x e layer 1 2 wh.ch converts 
variations in pressure to vartaiions m resistiviry which are then used to vary light output of a 
luminescent sheet U. As will be explained in more detail bek.« the luminescent sheet can 
be constructed from any light emimng material whose liuhi output depends on the current 
passmg therethrough. The cuirem is provided by mainiainmg u potential difference bet>*een 

10 a first continuous electrode 15 on one surface of the piezorcsisi.ve layer and a second 
continuous electrode 16 on the surface of luminescent sheei 1 4 that .s not m contact wjih 
piezoresisiive layer 12. 

It should be noted that the present invention has superior spanal resolution 
1 5 compared to pnor an sensor arrays. The spaual resolution of the present invention denves in 
part from .he fact that piezoresistive layer 12 has a much lower electncal resistance through its 
thickness dtan it docs between widely separated points m the plane of the sheet. In the preferred 
.mbodimcni of the present invention, the pic^ores.stive layer .s .crv ih.n. typically U.00(i4 - 
U 004 inches ( 10 - 100 ^ml thick. Thus correm w.ll How more cus.l> across this shon distance 
20 than it -111 flow along the plane of the material to some pum. uh.wh might have a iouer poten- 
tial In addition- the prefemd embodiment of the present mvention utilizes composite 
piezoresistive materials which, as discussed abowe. are anisotropic Because of this effect, a 
local decrease tn resistance of the piezoresistive film wiU cause a local increase in the flow of 
cummt thiough the film and. therefore, in the emission of light. Lateral current paths. wh»ch 
would diffuse the image of the pressure, are lea favorable for current How because of iheir 



25 



greater resistance. 



m another embodiment, the piezoresistive layer consists of two resisuve layers wh,ch 
ai« touching but not in intimau= contact, as the pressure increases, the extern of the conact 
30 between the two layer, increases, and hence, the resistance at the point of increased pnrssures 
decreases. Since the individual layers have high resistance to current flow parallel to the surface 
of each layer, the current modulaUon is pnmanly at the point of increased pressure. 
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The impr ved spaiial resolution also derives from ihe fact ihai iht entire sensor is ihxn. 
If a force is applied to a single point on the upper surface of a layer of material which rests on a 
elastic medium, that force is spread over a finite area at any depth into the supporting medium 
5 The area is of the order of A 47rt^ where i is the thickness of the layer. For a thin piezo- 

rcsisiivc layer on the order of micrometers to a millimeter. resisiivii\' distributions within it can 
be used to discriminate stress distributions wlih a spatial resolution on ihe order of micrometers 
to millimeters. 

10 If the luminescence is to be viewed from the side of the piezoluminescent sensor adja- 

cent to the light emining member, then clecirodc 16 must be of sufficient optical transparency to 
permit photons from lighi cmimng layer 12 id escape. If. on ihc oiher hand, the ourput of ihc 
piezolummescent sensor is to be viewed from the side with the piczoresistive member, then 
both electrode 14 and piczoresistive layer 12 must be transparent. Since transparent iliin film 

1 5 eiecuodes are known to the an, and since the resolution would be decreased by requiring the 
image to be viewed through piczoncsistive layer 12. the preferred embodiment of ihe preseni 
invention is constructed such that the image is viewed in the first configuratipn discussed above 

For apphcaiions xA'here the piezoiumincscent sensor will not he hcni or flexed, a 
20 material such as indium-im OAidc may be used lo construct the iranspareni electrode. Indium- 
un oxide may also be used if only moderate flexure is lo be encountered- For a truly tUxibie 
sensor, a flexible transparent conductor such as polyaniline is preferred. 

There are several types of light emining materials which are appropriate for emission 
23 of light in a piczolumincsceoi sensor. Many of these have been developed or are being devel- 
oped for flai panel displays. Since these arc, in general, known in the an, a detailed 
description of their operation will not be given here. For the purposes of the present 
discussion, these materials may be divided into light emining diodes (LEPs) and electrolomi- 
ncscem lamps, although other materials currently being developed such as surface emining 
30 diode lasers and quantum cascade lasers (J. Faist et al- Science 1994) may be also be used if 
cost-effective sheets become available. 
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A light emining diode generates lighi *hen an elccmcal current is camed m a semi- 
conducwr diode either by decuons or by holes. A semiconductor diode may be consirucied 
as a layered device consisnng of two or more layers, ai least one of which .s a hole conductor 
When the semiconductor diode is subjected to an appropriate bias potential, it will begm to 
5 emit hghi. The hght output increases until it reaches a saniraiion current- 

Semiconductor diodes based on polymer thin filtn materials such as poly( vinylene 
phenylenej are known to the an and may be used to provide LED's that emit light at various 
wavelengths These polymer LEDs may consist of a single layer of semiconducting matenal ■ 

10 or of several layers which transport only electrons, uanspon only holes, or arc clcctro- 

lummesceni (Tang anO VanSlyke. I PhT^- 1987. Adach. era! . Jqp^ J Appl Phvs . 

1 988a,b: Friend et al . Phys World . 1 992). The polymer diodes are oircn produced by 
meiho«l5 which are consistent with production of large area devices. It is also fairly easy to 
change the matenal with ligands or dopants, which allows for venations of photon energy and 

15 threshold voltage. 

It should also be noted that transparent polymers wh.ch can be used as electrodes have 
also been repotted (Gustafsson al . NftSire. 1992). These newly identified maieruls are 
less brittle than the previously utilized materials, and hence provide a means for consimctmg 
:n flexible LEDs. 

Electroluminescent lamps consist of a phosphor layer separated from two electrodes 
by thin layers of dielectric matenal. The electrode and dielectnc on at least one side must be 
transparent. When a high voltage alternating current (aC) is applied to the electrodes, elec- 
25 lions are ejected from the negative elecaode and accelerated toward the positive electrode 
Some of these elections collide widi the phosphor material which is thereby stimulaied lo 
emit radiation m the form of visible light. The intensity of the light depends on the amount of 
current flowing through the EL lamp.EL Lunps are available commetcially. For example. 
Leading Edge Industries, Inc., of Mitmeionka. Minnesota sells lamps which are constricted 
30 by thick-film processes on polymer substiaies. These lamps are thin (from about 0.008 
inches or 0.2 millimeters) and tnodcraxely flexible. 
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The pjcxoresisiive layer may be consirucied uiUizing pressure sensitive resi5ii\e inks 
which ^ available in a wide range of volume resisiivuy value including ihc range aboui 1 0' 
^Qjn lo lO^nm. The sensor musi be designed wiih die proper combination of thickness and 
rcsisuvity of the piezoresis^ive layer lo maich ihe electronic propcmes of ihe LED layer. If 
5 Ihe resistance Is loo large there will not be enough current flowing lo produce perceptible 
luminescence. If the resistance is too low, the change in current produced by a fractional 
decrease in resistance will not be great enough to cause a perceptible change in luminescence- 
Values of resistance between these rwo extremes provide the useful operaung range 

10 In one embodimem of the present mvemion. the bias voltage is of an alternating 

current (aC) nature and of such an amplitude that luminescence is just stimulaied in the LED 
member at ihc pcaK of the voltage but no luminescence occurs a{ lower voltages Thus the 
LED member will flash weakly and briefly at the frequency of the AC bias Application of a 
stress on the piezoresisuve layer lowers the resistance through the layer resulting in a larger 

1 5 voltage drop across the LED layer. In this new condition, ihe intensity and the duration of ihe 
luminescence ai the peak of each bias voltage cycle js increased If the frequency of ihe bias 
voltage Is high enough (about 30 Hz for human visual percepiioni. the change will be 
perceived as an increase in the obsci^^cd level of steady luminescence Aliemaiively. ihe 
piczoresisiance member .may be a material such as monganin *hose resisiivit>' mcreases 

20 with pressure and the level of the aC bias sei so thai luminescence m ihc LED member is 
saturated for most of the aC bias cycle, (n ihis case, the light level .^ould dccres^se m re- 
sponse to a stimulus, 

A sensor according to the present invention may be constructed on an EL lamp 
25 layer as follow?. The iranspaicni elccirode is deposited on a transparent subsqraie by spunering, 
pulsed laser dcposiiion, ihermaj evaporation or other suitable process. A dielectric layer wiih 
embedded phosphoresceni pamclc3 is then pnnicd on the transparent electrode by screen 
printing to form the light emimng layer The piezorcsisiive layer can then be printed over die 
light emining layer and covered wih a continuous conducung layer. Optionally, an electron 
30 eminer comprising a layer of anisotropic conductor may be deposited on the light emining layer 
before the application of the piezoresisiive layer. This anisotropic conductor is preferably a 
continuous sheet of material which is intrinsically anisotropic in us elecmcal conducnviry. such 
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4S cppper phihalocyanine or an amsoiropjcally conducting adhesive such as 3M 9703 from 3M 
Corp.. Si Paul. MinnesQia 

In another embodimenu the opaque electrode «s used as Uie base for building the dev.cc 
A thin, flexible conduciing sheet such as aiuminum foil or an almmmzed polymer film may be 
used The piezoresisiive member is then deposited, preferably by screen or flexographic 
primmg. A panem of isolated spots may be produced by the deposition process to further 
enhance the spaiial resolution. Finally, the LED layer is deposited over the piczorcsisiive 
member using methods such as those described m the Gustaf sson e, ai reference discussed 
above. A vapor batner may then be applied ova ihe LED laver it required. 

!t should be noted that embodiments of the present mvemion that provide light output 
mdicanve of the average pressure over the sensor may also be constructed at costs 
significantly less than prior an pressure sensors. Refer no^^ to Figure 2 which iHusiraics a 
sensor 20 according lo the present invention that provides a pressure measurement that is 
indicated by the ponion of the sensor thai emits lights. In this case different ponions of the 
sensor be activated when the pressure exceeds a certain value This device consists of con- 
tinuous top and bonom electrodes 21 and 29. .^n electroluminescent layer 23 is connected by a 
resistive sheet 22 to top electrode 21. Resistive sheet 22 .s composed oi" Separate bands of 
different piezoresistivjiies 24-28 In one exemplaiy embodiment, band 24 requires a high 
pressure in order to deliver current lo the ponion of the eleciruluminesccm layer 23 adjacent lo 
It. whereas band 28 requires only a low pressure to deliver cuireni to the ponion of layer 23 
adjacent lo it. Bands 25-27 have intermediate and sequcnUal sensitivities. By noimg the loca- 
tion of the edge of the light an operator or an auiomaiic control system can determine the 
ptHsuic. A device such as thai illustrated in Figure 2 can be constructed by using piezoresistive 
maienals with the desired sensitivities. 

In another embodiment of the present invention, the sensor can be used to provide a 
display if the pressure is greater than a pTrdetermined value or within a predetermined range. 
Such a sensor is shown in Figure 3 at 30. In sensor 30. only region 33 of the area between 
the electroluminescent lamp layer 3 1 and the fit^t electrode 32 ,s pnnted with p.ezoresisiive 
ink. The remaining area, region 34. is pnnted with an msulating ink. When the pressure 
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exceeds the conduction threshold for ihe device, ihe area of ihe lamp layer adjaceni lo region 
33 *iH generate light providing a display that matches the pattern piinicd in region 33. In 
ihis way. a sensor which displays the numerical value or other alpha-numeric data when the 
pressure exceeds predeiennined value can be made in a manner similar to that described for 
5 the device qf Figure 3. 

If the region 34 outside of region 33 is pnmed with a piezoresisijve ink havmg a 
threshold pressure that is greater than that of the ink used in region 33. then the message will 
disappear into a uniformly illuminated field when the pressure exceeds the saturation pressure 
10 of the ink in region 34. In this manner, a sensor that displays a message y^hen the pressure is 
between predetermined limns may be constructed. 

An embodiment of the present invention which operates as a threshold sensor rather 
than a continuously variable sensor cap be constructed by replacmg the pvczoresisiive layer 

IS with a composite layer as shown in Figure 4 at 50. Composite layer 50 compnses two layers 
51 and 52 separated by an insulating mesh 53. At least one of the two layers must be 
sufficiently flexible to deform and touch the other layer when a pressure above the threshold 
pressure is applied In the preferred embodiment of the presem invention, boih of the layers 
ore resistive layers lo reduce arcing However, in embodiments in which arcmg is not a 

20 problem, one or both of ihe layers may be conductors. In this case, the layer m contact w.ih 
the light emitting layer may be eliminated so that pressure causes the deformable layer 5 1 lo 
conuc. t^e light emitting layer directly. The insulating mesh may be constructed from a 
nylon mesh, non-conducting paints, or a powder of non-conducung panicles- 



25 



It should be noted that if layer S I is composed of a irsisuve material, then the 
structure shown in Figure 4 is itself a piewresitive layer at pressures above some threshold 
pressure which depends on the defoliation properties of layer 51 and the spacers 53. as the 
pressure on layer 5 1 increases, the area of the contact area between layer 5 1 and layer 52 
increases. Since ihe resisance depends on the area of contact when a resistive material is 
30 used, the resulUng structure is a piezoiesitive layer as discussed above. 
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A piezoresiijve smicture cap also be consinicied by omining ihe spacers 53 and 
uiiliang a rough surface on either layer 51 or layer 52 lo provide ihe spacing ftincuon. Here, 
ii is assumed ihai ai kasi one of the layers is resistive, and at least one of the layers is 
deformable under pressure such that the area of cpnac; between the two layers vanes wuh the 
pressure. 

Various modificauonsio the present invention will become apparent to those skilled 
in the an from the foregoing description and accompanying drawings. Accordingly, the 
prcsem mveniion is to be limiwd solely by the scope of the following claims. 
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WHAT IS CLAIMED IS: 

I. A pressure transduccrllO. 30] comprising: a firsi elecirode[l 51 compnsmg a sheei 
5 of conducting material: a piezoresistive layerll2J having top and bonom sides, said wp side 
being bonded to said first el«irode[l6, 29]. said piezoresistive laycr(121 comprising a 
material or smiciure «,hose resistivity varies as a ftinciion of pressure: a light emmmg 
layerlHl having top and boiwm sides, said top side being juxtaposed to said bonom side of 
said piezoresitive layer, said light eminmg layef(l4] comprising a material which emits light 
1 0 whose intensity depends on the magnitude of ihe elecmc curreni flowing through said 
maienal; and a second elecirode[l6] comprising a sheet of conducting maiena} in contact 
with said bonom side of said light emitting layerfl 4]. 

2 The transducer[lO, 30) of Claim 1 wherein said second electrode[l6] is iransparem 
IS to the light emitted by said light emimng layertH]. 

3. The iransducerflO, 30) of Claim I wherein said piczoresisiive l3yer[l21 comprises 
first and second reg.ons[24, 25] comprising first afld second maienals. said firsi material 
having a different relaiionsh.p between pressure and resisiiviiy than said second material 
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4. Fhc iransducer[lO. 30] of Claim 3 wherem said first reg.on is spatially panemcd 
such that said iransduccrllO. 30) displays a message when subjected lo a pressure greater than 
a threshold pressure. 

25 S. The uansducerllO, 30) of Claim 1 therein said picMfesisiive layer(l2] compnses 

first and second sub.|ayers[5l. 52] and an insulating spacerlSl]. said insulating spacerfSS] 
permitting said first, and second sub-layerslSl, 52] to come imo electn«al contact when said 
piezoresistive layet[l2] is subjected to a pressure greater than a threshold pressure. 



30 



6. The irahsdwcert 1 0. 30] of Claim 5 wherein one of said first or second suWayersl5 1 . 
52] comprises a material whose resistivity varies as a function of pressure. 
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7. The owsducerl 1 0, 30) of Claim I wherem said piczorcsisiivc layer[ 1 2] 
compnses a suWayer and an insulating spacer, said .nsulatmg spacer positioned between ihe 
said sub-layer and ihe light emitting layer(l4]. said insulating spacer pcrmming said sublayer to 
come in conUKl wiih said light cmiiUng layerfU] '-hen said piezores.siive layer(l21 is 
subjected to a pressure greater than a threshold pressure. 

8. The iransducer(lO. 30) of Claim 7 wherein said pie?oresisiiivc layer compnses 
two or more regions[24-28] each having a different ihfeshoW pressure 
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9 The trajisduccr(10, 30) of Claim 1 wherem said firsi «lecirode(l6) and said 
piezoresisijve laycr(n] are transparent to the light emitted b> said light emining layer( 14). 



10 The »ansducer(IO. 30) of Claim I ^iwhcrein one ot said layers or electjodesl33) is 
spatially patterned to display a message when said transducer! 1 0. 30) .s subjected to a pressure 
15 in a predetermined pressxire range. 
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